Pre-recombination acoustic oscillations induce non-adiabatic perturbations between baryons and dark matter, corresponding to a constant relative-density δ bc and decaying relative-velocity perturbation v bc . Due to their significant large-scale correlations and prominent baryon acoustic oscillation (BAO) features, these modes are potentially important for the use of the BAO as standard ruler. We present a complete treatment of the effects of the baryon-CDM perturbations on galaxy clustering in the context of a rigorous perturbative bias expansion. The leading effects are proportional to δ bc and θ bc = ∂iv i bc . We estimate the magnitude of these terms through the excursion set approach. The contribution from v 2 bc , which has attracted significant attention recently, contributes at subleading (1-loop) order. The relative-density contribution δ bc is expected to be by far the largest contribution. We also point out contributions to the galaxy velocity bias, the largest of which is simply v bc , leading to a term ∝ µ 2 θ bc in the redshift-space galaxy power spectrum P s g (k, µ). Complete expressions of the galaxy power spectrum at 1-loop order are given, which contain several new terms.
I. INTRODUCTION
Our Universe contains two dominant matter components: cold dark matter (CDM, c) and baryons (b, i.e. all non-relativistic standard model particles). In studies of structure formation, we commonly treat these two fluids as a single, comoving matter fluid (or, a collection of collisionless particles). However, the coupling of baryons to radiation in the primordial plasma before recombination leads to relative perturbations in density and velocity of the baryon and CDM components. While significant initially, these perturbations grow less rapidly than the adiabatic growing mode and hence are very small in the low-redshift universe. However, since these perturbations have significant large-scale correlations, they are potentially detectable through their imprint in the clustering of galaxies on large scales. Moreover, they retain a significantly stronger imprint of the BAO feature than the adiabatic growing mode, so that they are of relevance for the use of the BAO feature in the galaxy two-point function as a standard ruler [1, 2] .
Let us consider the evolution of baryons and CDM after baryon-photon decoupling, approximating both as pressureless fluids, which is appropriate on sufficiently large scales. The evolution of two such fluids coupled by gravity is described by the Euler and continuity equations. Restricting to linear order in perturbations (the fully nonlinear case will be discussed in Sec. III), these simply become
where δ s ≡ δρ s /ρ s is the fractional density perturbation in species s, θ s = ∂ j v j s is the fluid velocity divergence of species s, while δ m = (Ω b δ b + Ω c δ c )/Ω m is the total matter density perturbation. Further, τ denotes conformal time defined through dt = adτ , and H = d ln a/dτ = aH is the conformal Hubble rate. Throughout we work in units where the speed of light c = 1. We also use the density parameters today Ω s = 8πGρ s (t 0 )/(3H 
Clearly, at linear order the evolution of the total matter density perturbation δ m and the relative density perturbation between the two fluids decouples. This is not surprising, as the only relevant force included here is gravity, which does not care about δ r by way of the weak equivalence principle. We now immediately obtain the general solution of these two decoupled ODE as
where A ± , R ± are constants and
Note that during matter domination, where the universe is closely approximated by the Einstein-de Sitter solution, this approaches D r = −2a −1/2 . We see from Eq. (3) that δ m contains the two wellknown growing and decaying modes ∝ A ± of adiabatic perturbations [3] . A third mode ∝ R + ≡ δ bc is a constant compensated perturbation δρ c = −δρ b , corresponding to δ m = 0 while δ r = 0 [4] [5] [6] . This mode can be seen as modulating the local baryon-CDM ratio, (Ω b /Ω c ) loc = Ω b /Ω c (1 + δ bc ). The significance of the fourth decaying mode ∝ R − becomes clear by considering
where θ bc,0 ≡ θ bc (z = 0). Thus, this mode corresponds to an initial relative velocity v bc ∝ 1/a between the two fluids.
With few exceptions [7] [8] [9] [10] , studies of structure formation using perturbation theory and N-body simulations have focused on the adiabatic growing mode A + . Ref. [11] pointed out that pre-recombination plasma waves (baryon acoustic oscillations, BAO) lead to a significant relative velocity v bc (also referred to as streaming velocity) at the epoch of baryon-photon decoupling τ dec . This can leave an imprint in low-redshift structure which assembled out of low-mass halos at high redshifts [12] [13] [14] [15] [16] . Similarly, the R + -mode is also sourced during recombination [5] . Both R − and R + have significant largescale correlations and in particular large BAO features (Fig. 3 ). For convenience, we will refer to the constant relative density mode R + and the decaying relative velocity mode R − jointly as baryon-CDM perturbations in the following.
Since galaxy formation depends sensitively on both baryons and CDM, it is crucial to include these modes when making predictions for galaxy clustering. 1 The goal of this paper is to provide a recipe for a complete description of these effects within a rigorous perturbation theory approach (renormalized bias expansion [17] [18] [19] , which can be seen as an effective field theory [20, 21] ). As an example, we derive the galaxy auto and cross power spectra including the leading nonlinear (1-loop) correction. Moreover, we provide quantitative estimates of the bias parameters that control the magnitude of the baryon-CDM effects on galaxy clustering.
Previously, of the baryon-CDM perturbations introduced above, only a perfectly uniform streaming velocity v bc has been considered in detail, that is θ bc was set to zero (but see [22] ). v bc itself can only enter at second order in the galaxy density, since it is a vector, so that the leading contribution to the fractional galaxy number density perturbation is [12] [13] [14] [15] [16] 
where σ
bc . In order to assess the quantitative impact of the term in Eq. (6), we need an estimate for the bias parameter b bc v 2 . Ref. [12] argued that v bc increases the effective sound speed c s of the neutral gas, so that the Jeans mass M J increases by a factor [ δs Density perturbation of species
Initial amplitude of constant relative density perturbation
Initial amplitude of decaying relative velocity perturbation TABLE I: Notation for baryon-CDM perturbations adopted in the paper. Actual relative density and velocity perturbations are denoted with a subscript r, while their initial amplitudes (extrapolated to z = 0 using linear theory) are denoted with a subscript bc.
leads to large effects on low-mass halos prior to reionization, as investigated using small-box simulations in [23] [24] [25] . However, how these are transferred to the number density of galaxies at low redshifts is unclear. b bc v 2 could be as small as ∼ 10 [15, 23] . The fiducial value adopted in previous studies is [12] [13] [14] [15] ,
at redshifts z 2. Note that given the non-detection in current data, b bc v 2 cannot be much larger than this [14] . While Eq. (6) can only contribute to the galaxy power spectrum at 1-loop order, the quantities δ bc , θ bc discussed above, corresponding to the modes R + , R − , respectively, enter at linear order, and are thus the leading effects unless their bias parameters are highly suppressed compared to b v 2 .
So far, we have neglected radiation and anisotropic stress, which is sufficiently accurate at z 20 but not at higher redshifts. While not important for the formation of structure, this approximation becomes important if one uses transfer function outputs from Boltzmann codes at higher redshifts. Instead, one should match the modes A + , R ± from the transfer function output at low redshift. We discuss this in App. A.
The outline of the paper is as follows. We begin with the leading, linear galaxy power spectrum on large scales in Sec. II, and present several estimates for the bias parameters b bc θ , b bc δ appearing at this order. In Sec. III, we show how a general bias expansion can be constructed up to any desired order. We also give the complete expressions for the galaxy-auto and cross power spectra at 1-loop order, performing a renormalization of the bias parameters in the process. Sec. IV discusses the baryon-CDM contributions to the galaxy velocity field, which is important for redshift-space distortions. We conclude in Sec. V. In the appendix, we discuss how to obtain the transfer functions for δ bc , v bc , and provide some details on the spherical collapse calculation used.
Our notation is summarized in Table I . Throughout we set c = 1, and, for numerical results, assume a flat ΛCDM cosmology with Ω m = 0.27, h = 0.7, Ω b h 2 = 0.023, n s = 0.95, σ 8 = 0.791, and transfer functions given by CAMB [26] (see App. A). This yields for the RMS streaming velocity
II. GALAXY CLUSTERING AND BARYON-CDM PERTURBATIONS: LINEAR ORDER
Our goal is to write the galaxy density perturbation as
where b O (τ ) are bias parameters while O(x, τ ) denote operators (statistical fields). Since the galaxy density is a (3-)scalar, the operators O also have to be scalar. Moreover, we classify terms in the expansion in Eq. (8) by the order in perturbation theory of each operator. Then, assuming Gaussian initial conditions, only linear order operators need to be included to obtain the leading expression for the galaxy two-point function, which we will present in Sec. II D. On the other hand, the leading nonlinear correction to the galaxy two-point function in perturbation theory requires all terms up to third order. We stress that, while we only provide rough estimates for the expected magnitude of the bias parameters b O here, the list of terms appearing in Eq. (8) is dictated by the two conditions of symmetry and being locally observable and is thus unambiguous. That is, if all bias parameters are allowed to be free, the predictions from Eq. (8) are guaranteed to accurately describe the data on scales where perturbation theory is valid. It is clear from our discussion in Sec. I that, at linear order, we have to allow for δ g to depend on all modes of the baryon-CDM fluid system. This results in three terms:
where in the second line we have used Eq. (5) and defined δ bc ≡ R + [whereas δ r receives contributions from both δ bc and θ bc , Eq. (3)]. Note that R ± , θ bc , δ bc [as well as v bc in Eq. (6)] are to be evaluated at the Lagrangian position q[x, τ ] corresponding to (x, τ ) [15] . 2 At linear order we can neglect this distinction, but it will reappear in Sec. III. Again, a quadratic term such as Eq. (6) enters the galaxy two-point function only at subleading (1-loop) order. Refs. [5, 6] considered the term δ bc , while [15] introduced the term θ bc , albeit with a coefficient which we will argue to be unphysical in Sec. II C.
In order to assess the quantitative importance of the new terms in Eq. (9), we need estimates for the bias parameters b bc θ , b bc δ . In the next sections, we will discuss several such estimates.
A. Bias estimate 1: local Eulerian biasing
We begin by considering a simple toy model, namely local Eulerian biasing [27, 28] . Let us assume the galaxy density is a simple local function of the CDM and baryon densities ρ c (x, z), ρ m (x, z), smoothed on some small scale that is not relevant for large-scale statistics. We can thus write n g (x, z) = F g [δ m (x, z), δ r (x, z)]. The linear bias w.r.t δ m is defined as the response of n g to a long-wavelength perturbation in the total matter, and in this model is thus given by
Similarly, we define
which essentially quantifies the response of the galaxy density to a change in the local baryon-CDM ratio. We then trivially have b bc δ = b r . Since a change in the local baryon-CDM ratio changes the total baryonic mass available to form stars, we expect b r to be of order one for real galaxies. In the remainder of the paper, we will choose b bc δ = 1 as fiducial value. In order to derive b bc θ , we note that a nonzero θ bc (x, z) is associated with a nonzero relative density perturbation derived above, given by Eq. (3),
where the second relations holds in matter domination. We then have In order to improve upon this model, we consider the excursion set approach [29] : the abundance of halos at fixed mass is proportional to the probability of the initial density field at a given point first crossing a density threshold δ crit when lowering the smoothing scale from infinity down to the Lagrangian radius R(M ) of those halos. The mean number density of halosn h (M ) is then a function of ν c = δ crit (z)/σ(M, z), where σ(M, z) is the square root of the variance of the linear matter density field at redshift z smoothed on the scale R(M ). The collapse threshold δ crit (z) ≈ 1.7 is usually derived as the linearly extrapolated initial spherical overdensity that, when followed fully nonlinearly, collapses at redshift z. A long-wavelength matter density perturbation δ (in the growing mode) is locally equivalent to reducing the threshold δ crit → δ crit − δ , from which we obtain a prediction for the Lagrangian bias [30, 31] :
Thus, if we can derive how the collapse threshold changes under a long-wavelength perturbation in θ bc and δ bc , we obtain an estimate for b bc θ via
and analogously for δ bc . In order to derive δ crit in the presence of baryon-CDM perturbations, we consider the following setup. We follow a spherical perturbation in the CDM component δ c , which eventually collapses to form a halo at late times. Assuming that Silk damping has erased density perturbations in the baryon component, we take it to be uniform, δ b = 0, until decoupling at z(τ dec ) 1000; this is a good approximation for the small-scale perturbations that collapse to halos. Note that this does not erase the effect of large-scale perturbations in the baryon-CDM ratio δ bc , which are still present in the large-scale environment. After decoupling, the baryon fluid is pressureless, but has a uniform velocity divergence relative to dark matter; here we set v bc = 0, since at leading order the effects of v 2 bc and θ bc decouple. Ref. [32] study the evolution of a tophat perturbation in the presence of a uniform relative velocity v bc .
We further restrict to a tophat (uniform density) perturbation δ s (τ ) of radius R s (τ ), s = c, b. Each shell is assumed to be surrounded by space devoid of the corresponding matter component (see Fig. 1 ) out to a compensation radius R o , where
Then, the evolution equations reduce to a generalization of the familiar spherical collapse equation,
where dots denote derivatives with respect to time t and f t = Ω t /Ω m . Further, during the tophat evolution mass is conserved so that
Note that the evolution of two tophat shells with different radii is not consistent; that is, the density profiles will not remain tophat due to the mutual gravitational interaction. We will ignore this effect and simply follow the two shells here. Our results are thus approximate, but sufficient for order-of-magnitude forecasts.
We integrate the equations for R b , R c starting from τ in = τ dec . This calculation and the initial conditions, which involve some subtleties, are described in App. B. The initial conditions need some care, since an initial relative velocity divergence θ bc can induce an unphysical R + mode if the latter is not properly nulled. Further, while the overall scale of the tophat perturbation is arbitrary, the ratio R b (τ in )/R c (τ in ) is not. After decoupling, all baryons within the CDM compensation radius R o,c [Eq. (16) ] depart from their initial velocities and begin to collapse onto the CDM perturbation. Thus, it would seem sensible to choose R b (τ in ) = R o,c (τ in ). However, one can easily verify that we do not recover linear evolution from the initial conditions unless R b (τ in ) = R c (τ in ), an artefact of fixing the tophat shape of the shells. Since the collapse threshold is only meaningful if the tophat density initially follows linear evolution, we thus need to choose R b (τ in ) = R c (τ in ) (as chosen in [32, 33] ). We then adjust δ c,in so that the CDM shell reaches R c = 0 at the desired redshift z coll ; following the baryon shell leads to identical results, since the two are comoving in the late stages of collapse. The collapse threshold δ crit is obtained by integrating the linear growth equation for δ m with the same initial conditions to the same redshift z coll . Note that one has to use the linear total matter perturbation since this is what σ(M, z) refers to in the definition of
We begin with the case δ bc = 0 while θ bc = 0; this can be implemented by changing f b in Eq. (17) . By con-struction, R b = R c initially while in this case we also haveṘ b =Ṙ c . From Eq. (17) we see that the force acting on both shells is the same and hence R b (τ ) = R c (τ ) holds at all times. This means that the R + -mode δ bc remains constant not only at linear order, but throughout the nonlinear tophat evolution. Hence, a constant compensated density perturbation does not change the collapse threshold, ∂δ crit /∂δ bc = 0. This is again an artefact of the double tophat; one can show that δ r no longer remains constant at second order in perturbation theory [i.e., by solving Eq. (33) below]. In any case, the local baryon-CDM ratio is still modified, and we expect a order unity b bc δ for galaxies following Sec. II A. We now turn to the response of δ crit to θ bc . In this case, even though we start with R b = R c at τ dec , we havė R b −Ṙ c ∝ θ bc so that the shells evolve differently. This in turn leads to a nontrivial gravitational coupling between the two shells which influences the collapse. Fig. 6 in App. B (filled triangles) shows δ crit as a function of θ bc . We fit a linear relation in the range |θ bc,0 /H 0 | ≤ 2 · 10 −7 , and obtain
with a very small redshift evolution from −7.1 at z = 0 to −6.4 at z = 10. 3 The slope is negative, meaning that the collapse threshold is lower when baryons fall onto the overdensity with a smaller initial infall velocity than the CDM which is in the growing mode. This might seem counterintuitive. Note however that the growth suppression due to θ bc is also contained in the linear growth used to extrapolate δ crit to low redshifts. Thus, the negative slope says that the fractional suppression in the nonlinear growth is smaller than that in the linear growth (similar results have been found for modified gravity in e.g. [34] , where growth is enhanced but δ crit is reduced). Eq. (15) then immediately yields our estimate for b
Clearly, this is of the same order of magnitude as estimated using the simple local bias ansatz in Sec. II A. Note however the different physics encoded in either approach: Sec. II A considered the case when the observed galaxy density depends on the baryon and CDM densities individually, as is expected since the stellar mass of a galaxy depends on the overall amount of baryons available, while the gravitational collapse of halos depends on the total mass. On the other hand, the estimate derived in Eq. (20) is based on the purely gravitational effect of the decaying relative-velocity mode on the collapse of halos. Thus, unlike the effect discussed in Sec. II A, this effect is already present for halos. The fact that both estimates agree at the order-of-magnitude level further suggests that an estimate of b
is robust. Eq. (20) is the fiducial value we will assume for our results in Sec. II D and Sec. III B.
C. Induced bias from streaming velocity
The estimates for b bc θ provided so far model the bulk flow effect of a relative velocity divergence. Ref. [15] argued for a b bc θ induced by the relative velocity effect ∝ v 2 bc on very low-mass halos. Specifically, they derived
where
Here, we have introduced runs over very small-scale modes that are not modeled correctly in perturbation theory. In a consistent perturbative expansion, it is absorbed by a renormalized bias parameter b θ , whose value is not calculable within perturbation theory and must be estimated using models of galaxy and halo formation (such as the excursion set). Still, it is reasonable to wonder whether there is in fact a physical contribution to b θ that comes from the relative velocity effect ∝ v 2 bc , and is thus related to b v 2 . Such a contribution would be physically independent from, and presumably additive to, the bulk velocity divergence effect estimated using the spherical collapse calculation above. We now derive which properties this contribution would have to have.
Consider a galaxy sample whose local number density n g depends, at a given time τ and among various other quantities, on v 2 bc . Specifically, we allow for n g (x) to depend on v 2 bc in a finite region around x:
Here, the second ellipsis stands for other terms such as δ m (y ), which each come with an associated convolution integral d 3 y , as denoted by the first ellipsis. We are interested in the linear response of n g to a long-wavelength perturbation in the relative velocity, v bc . Hence, we write
separating the long-and short-wavelength pieces. At leading order, v s bc is uncorrelated with v bc . Further, we are interested in long-wavelength perturbations that are much larger than the scale R * over which galaxies form (for dark matter halos, this scale is the Lagrangian radius R * = R L (M )). In the present context, R * is the typical extent of the support of the functional kernel F g in Eq. (23) . Then, we can perform a Taylor series up to second order in v bc to obtain
In the second line, we have used
The first term vanishes at linear order when inserted into the functional, while of the second term ∝ ∂ k (v bc ) i only the trace part, namely θ bc remains, in both cases due to the absence of preferred directions in the small-scale modes. We have dropped higher derivative terms, which we will justify below. We clearly obtain a bias with respect to v 2 bc , given by the ensemble average of the second line of Eq. (25) over small-scale modes while keeping large-scale modes fixed:
Here, we have set x → 0, since the expectation value is independent of position. We also no longer need to explicitly restrict to the small-scale component of v bc . In addition, the first line of Eq. (25) corresponds to an effective bias w.r.t θ bc , which we denote as b
, which is analogously given by
Note that to obtain a nonzero value, we need to include the dependence of F g on at least one other statistical field (as the expectation value of any integral over v bc with a fixed kernel vanishes). The leading expression is obtained by including a dependence on the local matter density perturbation δ m ,
bc , δ m ; y, y ]. Eq. (23) now becomes a functional in both v 2 bc and δ m , and the leading term is
In the second line of Eq. (28), we have used that the prefactor is expected to be of the same order of magnitude as b bc v 2 given in Eq. (27) , while the expectation value is essentially a generalized second moment (with window function normalized to unity) of δ m and v bc · y on the scale R * . The physical interpretation of this expression is the following. The number density of observed galaxies depends on the distribution of v bc . This profile depends on the small-scale contributions to v bc , and thus averages to zero in the absence of other perturbations. However, the small-scale relative velocity correlates with small-scale density perturbations, i.e. regions within the volume ∼ R 3 * considered with large density contrast also have larger amplitudes of the relative velocity on average, and this leads to a net effect of the induced relative velocity profile and hence θ bc on the galaxy abundance.
In order to obtain a quantitative estimate, we work to lowest order in perturbation theory, where δ m , v bc are Gaussian fields. Then, the moment in the last line of Eq. (28) can always be written as
where W Fg (k) is dimensionless and we have pulled out a factor R * since by assumption |y| is of order R * . If F g is a smooth function as expected physically, then W Fg (k) will drop off quickly for k 1/R * . Furthermore, low-k modes with k 1/R * also cannot contribute to Eq. (29), since the angle average over v bc · y for a constant v bc vanishes. Thus, in the limit kR * 1, the kernel has to scale as W Fg (k) = O(k 2 R 2 * ); this is easily verified with concrete example kernels in Eq. (28) . This means that only modes with k of order R * will contribute appreciably to Eq. (29) . Note that this is completely generic, and follows directly from the derivative expansion in Eq. (25) . That is, any small-scale modes of v bc that contribute to the physical bias parameter b bc θ cannot be of much larger scale than R * . This continues to hold if one continues the expansion in derivatives in Eq. (25) to higher order (yielding terms of order R 2n * ∂ 2n θ bc ), and is another qualitative difference to Eqs. (21)- (22) .
In summary, we obtain as an order-of-magnitude estimate 
D. Galaxy power spectrum at linear order
Using Eq. (9), we can immediately write down the contributions from baryon-CDM perturbations to the linear galaxy auto and galaxy-matter cross power spectrum:
where P xy (k) denote linear cross-power spectra between the matter density (δ), the relative density perturbation (δ bc = R + ) and the relative velocity divergence (θ bc = R − H 0 ). Fig. 3 shows the leading contributions, i.e. those involving only one power of δ bc , θ bc , divided by b 1 and the linear matter power spectrum P δδ (k), at z = 1.2.
We use the transfer function output of CAMB [26] , from which we obtain R + , R − via the matching described in App. A. Note that both δ bc and θ bc contributions have a very similar scale dependence. Clearly, despite the large value of b bc θ as compared to b bc δ , the baryon-CDM density perturbation δ bc is by far the largest contribution, being roughly scale independent for k 0.05 h Mpc −1 at the level of ∼ 1%. Given that the correlation coefficient of all the fields δ, δ bc , θ bc is unity, we also infer immediately that the contributions in Eq. (31) involving two powers of δ bc , θ bc are highly suppressed, and contribute at most at the ∼ 0.01% level.
The operator v 2 bc considered in the previous literature, being quadratic, only contributes to P gg (k), P gm (k) at the 1-loop level. We will turn to this in Sec. III B. at the upper end of the expected range. It is clearly larger than the contribution from θ bc , but smaller than that from δ bc . While these conclusions depend on the values of the various bias parameters, we generically expect δ bc to provide the largest baryon-CDM contribution to the galaxy power spectrum. We will discuss the significance of these contributions for the BAO standard ruler in Sec. V.
III. GALAXY CLUSTERING AND BARYON-CDM PERTURBATIONS BEYOND LINEAR ORDER
We now generalize the results of the previous section to nonlinear order in perturbation theory. We begin by deriving all operators that have to be included in the bias expansion Eq. (8) of a general galaxy sample in the presence of baryon-CDM perturbations, that is for nonzero δ bc , θ bc , v bc . We then provide the complete description of the 1-loop galaxy power spectrum, i.e. the leading nonlinear correction to the results of Sec. II D.
A. General bias expansion
The complete bias expansion in the case of Gaussian initial conditions and perturbations that are exclusively in the adiabatic growing mode has recently been derived [17, 21] . We will build on those results. To start, let us derive the equations for the nonlinear system of the cou- 
we obtain (see also App. C in [15] and [22] for the Eulerian expressions) 
and higher spatial derivatives of these quantities (but no time derivatives, see below). Here q is the Lagrangian coordinate. Evaluating R ± at the Lagrangian position is in fact required in order to be able to renormalize the operators consistently [36] . Before proceeding to the general bias expansion, we should consider the importance of spatial derivatives. From Eq. (33) are then expected to be suppressed by the same scale that appears in higher derivative operators of the adiabatic quantities, for example ∂ k δ m . This is the spatial scale R * , which for halos is of order the Lagrangian radius, or smaller.
Let us now derive the complete set of operators of the bias expansion at lowest order in derivatives. Formally, this is what is obtained in the limit R * → 0. We begin with a recap of the adiabatic growing mode case. The basis of operators in this case can be conveniently constructed out of the tidal tensor Π
2 , which contains the density (trace part) and tidal field. Here, a superscript [n] denotes operators that start at nth order in perturbation theory, while n-th order contributions to an operator are denoted with a superscript (n). In addition, we have to include convective time derivatives of Π [1] ij . We then define
which by construction is an operator that starts at n-th order in perturbation theory. The basis then consists of all scalar combinations of the Π ij up to the desired perturbative order, with the exception of Tr[Π [n] ], n > 1, which is expressible in terms of lower order operators [17] . For example, up to third order, we then have the following list of bias operators for Gaussian initial condi-tions [17] :
where all operators are evaluated at the same Eulerian position and time (x, τ ). These are simply all scalar combinations of the matter density and tidal field, with the exception of the last term in the third line which involves a time derivative and is, at a fixed time, nonlocally related to the density and tidal field [17, 21] . We now simply augment the list Eq. (36) by all scalar combinations of Π (33); however, these lead to higher derivative terms which we will discuss below. Thus, by allowing for R + , , R − to appear in all combinations with the Π
[n] , we allow for a general dependence of the galaxy density on baryon-CDM relative density and velocity perturbations along the past fluid trajectory. This is similar to the case of non-Gaussian initial conditions, where an additional field φ(q) appears in the bias expansion, again without time derivatives [36] .
Note that, once all terms at a given order are included, we can equivalently consider the derivatives acting on R − [Eq. (34) ] as being with respect to Eulerian coordinate x, since the Jacobian ∂x i /∂q j is expressible in terms of the other terms included in the general bias expansion. Defining R − = R i − , and adopting matrix notation, where (∇R − ) ij ≡ ∂ i R j − , we have to augment the list Eq. (36) up to cubic order by
where R ± are all evaluated at the Lagrangian position q[x, τ ] while Π
[n]
ij are evaluated at (x, τ ). Here, we have restricted to terms that are linear in R ± . However, we have kept terms involving (R as we have seen in Sec. II. Fig. 3 shows that the terms that are higher order in R ± will be highly suppressed (although it is straightforward to include them). Further, following our discussion about higher derivatives, we neglect the term R i − ∂ i δ, since its bias parameter is expected to be of order R * , whereas the coefficient mul-
[Eq. (20) ]. This type of term contains the effects of advection of the baryon fluid with respect to the CDM fluid. Note that the relative displacement between baryons and CDM generated by the relative velocity, that is the integral dτ v bc over the advection terms on the right-hand side of Eq. (33), is very small, of order of kpc. In any case, terms of this type are straightforward to include (see [7] , who perform a resummation of this type of term at higher orders).
We can equivalently express the list in Eq. (37) in a slightly more familiar form, in terms of the matter density and tidal field
where from now on we let δ ≡ δ m for clarity, and
Up to other cubic terms already included in Eq. (38) , O bc nloc can also be written as (4/5) Tr[R − Π [2] ]. It is clearly nonlocally related to δ, K ij . This is the first instance of a convective time derivative appearing in the bias expansion. Equivalently, it can be seen as a generalization of Γ 3 defined in [18] .
Apart from v 2 bc [11, 12] , δ bc [5] , and θ bc , δv [15] , all terms in Eqs. (37)- (38) are introduced here for the first time. In general, each of these terms is associated with a respective bias parameter that is specific to any given galaxy sample. However, many of the terms are linked by similar physics, so we can estimate the order of magnitude of the bias coefficients that are associated to each operator: (i) operators involving R + = δ bc : the coefficients are expected to be of order one, that is of the same order as the ordinary, growing-mode bias parameters multiplying δ, (K ij ) 2 , · · · . Whether there is an enhancement for rare massive halos like in the case of the density bias parameters is unclear however.
(ii) operators involving v As we will see in Sec. III B, the hierarchy between the bias parameters determines which terms are the most relevant in the prediction for galaxy statistics. The potential large magnitude of b bc v 2 compared to what is expected for the other two classes of terms was already used in Eqs. (37)- (38), where we keep terms with two powers of v i bc but only one power of δ bc , ∂ i v j bc . In addition to the deterministic operators listed in Eqs. (37)- (38) , there are also stochastic contributions induced by integrating out the small-scale perturbations; physically, two galaxies in the same large-scale environment form from different realizations of the small-scale density field and their properties will correspondingly scatter around the expectation value. This can be taken into account consistently in the bias expansion by introducing stochastic fields O for each operator in the list Eqs. (36)- (37) [17] , where O have zero mean and are at lowest order in derivatives fully characterized by their one-point moments. Note that for an n-th order operator O
[n] , these terms are order n + 1 in perturbation theory. Further, in case of the galaxy two-point function, these terms are fully captured by including "contact terms"
, which are already present in the absence of baryon-CDM perturbations. Thus, baryon-CDM perturbations do not add new stochastic contributions at the two-point function level.
Further, Eqs. (37)- (38) are only complete at lowest order in spatial derivatives. The fact that galaxy formation is not perfectly local induces additional operators with higher spatial derivatives. Essentially, we have to allow for any scalar combination of ∂ · · · ∂Π 
Note that we have already included all first order derivatives of v i bc in Eqs. (37)- (38), as they are not necessarily suppressed by R * (nevertheless, these terms could contain contributions induced by the nonlocality of galaxy formation, as described in Sec. II C). Higher-derivative terms generally become relevant on small scales. For example, for values of R * 10 h −1 Mpc, the terms in Eq. (39) are comparable to the next-to-leading contributions from higher order bias terms (see Sec. III B).
Finally, as noted by [15] , the fact that R ± are evaluated at the Lagrangian position introduces further terms (again this is analogous to the case for primordial nonGaussianity [36, 37] ),
where s is the displacement from the Lagrangian to Eulerian position, given by
Each term in Eq. (40) is multiplied by the bias parameter of the corresponding leading operator in Eq. (38) . They thus do not introduce additional free parameters.
B. Galaxy power spectrum at 1-loop order
In order to derive the next-to-leading 1-loop contribution to the galaxy power spectrum, we need to go to third order in perturbation theory, and consequently need to consider all terms given in Eq. (38) . Throughout, we only keep terms at linear order in δ bc , θ bc , as the higher order terms are highly suppressed (Sec. II D), but keep quadratic terms in v 2 bc ; the extension to include all nonlinear terms in δ bc , θ bc is straightforward.
Before presenting the calculation, we begin with some general considerations. The 1-loop contributions to P gg , P gm involve an integral p ≡ d 3 p/(2π) 3 over a loop momentum which can include contributions from very small scales. Whether the integral converges to a finite value or not, these scales are not modeled physically by perturbation theory. Instead, these contributions need to be isolated and removed, a procedure known from field theory as renormalization [18, 38] . This can be done by introducing an artificial cutoff Λ and then adding counterterms to cancel the cutoff-dependent loop contributions. The end result is that unphysical contributions are absorbed in renormalized bias parameters of lower order terms (or stochastic terms). In the following we will describe this briefly in the context of the baryon-CDM contributions. For this, we divide the terms in Eq. (38) into two classes.
(i) terms constructed out of δ bc , θ bc and ∂ i v j bc together with δ and K ij : these have the same structure as those present in standard perturbation theory, and we can use results of the latter by simply replacing P δδ (k) with P δδ bc (k) or P δθ bc (k), as appropriate, in the loop integrals. As shown in [18, 38] , the only terms that remain after renormalization of the 1-loop galaxy power spectrum are
], so that the corresponding baryon-CDM terms are
where brackets denote renormalized operators and
None of these terms has been included in previous calculations of baryon-CDM contributions to galaxy clustering [12] [13] [14] [15] [16] .
(ii) terms constructed out of v bc (without derivatives) and/or s: these have a different structure, and need to be dealt with separately. Apart from the term v 2 bc considered in [12] [13] [14] [15] [16] , we also find new contributions from s k ∂ k θ bc and s k ∂ k δ bc . All other terms either vanish by symmetry or renormalize b 1 , b bc θ , or higher derivative terms. Let us briefly consider the term
This term is absorbed in the tree-level contribution via the renormalized bias coefficient b bc θ , since it is given by δ(k)θ bc (k ) multiplied by a cutoff-dependent integral [see Eqs. (21)- (22)]. Within renormalized perturbation theory, there is no prediction for the physical bias b bc θ , which can only be estimated through toy models of the small-scale physics of galaxy formation. In Sec. II, we have provided several estimates which are summarized in Fig. 2 . These are significantly smaller than the fiducial value adopted by [15] .
To summarize, at 1-loop order the effects of baryon-CDM perturbations on the galaxy power spectrum are fully generally described by five additional bias parameters:
If we were to include terms of order δ 2 bc , θ 2 bc and higher, this would add another four bias parameters. Extending the notation introduced by [18] , we can succinctly summarize the contributions to P gg as
where O ∈ {δ 2 , G 2 }, while
Here we have defined
where Y = δ bc , θ bc and the kernels are given below. Further,
In the definition of I [O,O ] and f s∂Y , we subtract the constant contribution for k → 0 that is present for O = δ [2] , since it renormalizes the galaxy shot noise. Note this is not done in [14] , resulting in relatively large contributions from v 2 cb at low k which in practice are absorbed in the shot noise. We have neglected any contribution from baryon-CDM perturbations to the matter power spectrum P mm (k)| bc . At low redshifts, these are expected to be much smaller than those introduced by galaxy biasing [7] . Fig. 4 shows a subset of the terms in P 
IV. GALAXY VELOCITIES
In order to describe the observed statistics of galaxies, we also need a description of galaxy velocities, since they affect the statistics via redshift-space distortions (see [39] for a review). Thus, we now derive the contributions of baryon-CDM perturbations to galaxy velocities. The relation between the velocities of galaxies and that of matter, referred to as velocity bias, is severely constrained by the equivalence principle. Specifically, in the bias expansion of the local relative velocity between galaxies and matter,
we can only allow for local observables to appear, just as in the expansion of the galaxy density field. Since v g,rel is a vector, this implies that only higher-derivative terms can contribute for adiabatic growing-mode initial conditions, specifically v g,rel ∝ ∂∂∂Φ [17, 21] . At linear order in perturbations, there are three contributions from baryon-CDM perturbations up to second order in derivatives, namely
where we denote coefficients in the bias expansion of v g,rel with β O . Here, one expects the second and third terms to scale as R 2 * , where R * is the spatial nonlocality scale of galaxies. On the other hand, β This term is unique to the baryon-CDM relative velocity mode. Note that there is no contradiction with the statements regarding velocity bias made above: first, the baryon-CDM perturbations are imprinted in the initial conditions, whereas the statements of [17, 21] apply to velocity bias induced by nonlinear evolution from adiabatic initial conditions. Second, baryon-CDM perturbations are themselves induced by causal physics around decoupling. For scales much larger than the sound horizon at decoupling (and neglecting any contributions from reionization), v bc is indeed proportional to three derivatives of the potential in agreement with the argument made above, as can easily be verified using the output of Boltzmann codes.
Let us consider the contribution of the first term in Eq. (48) to the linear galaxy power spectrum in redshift space:
where f ≡ d ln D/d ln a is the linear growth rate, and µ is the angle of k with the line of sight. Here we have again neglected terms quadratic in baryon-CDM perturbations. The term ∝ P δδ (k) is the standard Kaiser redshift-space power spectrum [40] . Clearly, the baryon-CDM contributions lead to a bias in the estimate of the growth rate f using the large-scale galaxy power spectrum if not accounted for. to δ g and then using the approximate scaling based on a continuity equation for galaxies, θ g = −δ g .
At nonlinear order, we have to allow for all combinations of local observables that transform like a vector to appear in the expansion of v g,rel . That is, these terms should be constructed out of
ij introduced in Sec. III A and spatial derivatives thereof. Restricting to terms second order in perturbations, but linear in baryon-CDM contributions, and at the same order in derivatives as Eq. (48), we have
where as always Π [1] is evaluated at (x, τ ) while v bc , δ bc are evaluated at q. Here, the first two terms are expected to have bias coefficients of order one, while the others scale as R 2 * . Clearly, the number of higher derivative terms multiply rapidly at higher order, as is the case in the expansion for adiabatic modes only [38] .
V. CONCLUSIONS
An accurate, robust theoretical model for the statistics of galaxy counts (two-and higher-point functions) on large scales is a crucial ingredient in order to extract cosmological constraints from large redshift surveys. Beyond the frequently considered adiabatic growing mode of the total matter (baryon+CDM) fluid, relative density and velocity perturbations between baryons and CDM, which are induced by pre-recombination plasma oscillations, also need to be taken into account as they lead to percent-level corrections to galaxy clustering on scales of tens to hundreds of Mpc.
The relative velocity perturbation was first pointed out by [11] , while the relative density perturbation was shown to exist in [5] . The contributions of the relativevelocity perturbation to galaxy statistics on large scales were studied in [12] [13] [14] [15] [16] . Refs. [12] [13] [14] 16] only considered the term δ g ⊃ b bc v 2 v 2 bc . Recently, this was applied in [41] to the galaxy three-point function of the BOSS CMASS sample to put an upper limit on b bc v 2 . However, Ref. [15] pointed out that there are additional terms induced by the fact that the relative velocity amplitude has to be evaluated at the Lagrangian position. In particular, they effectively obtained a linear order term b bc θ θ bc which had previously not been considered.
Here, building on recent results on the general bias expansion for galaxies and other tracers [17, 21] , we have given a complete and consistent perturbative description of the effect of baryon-CDM perturbations on galaxy clustering, which contain the effects introduced by [11] and [15] as well as [5] . We perform a consistent renormalization of the bias parameters (as first proposed by [19] ), and show that the term b bc θ θ bc , treated as third order in [15] , is to be considered a linear order contribution to the galaxy density. Note that this implies that there are additional contributions to the leading galaxy threepoint function as well, in particular δ θ bc and s i ∂ i θ bc and the corresponding terms involving δ bc , which have so far not been included in [16, 41] .
We also explicitly derive, for the first time, the baryon-CDM contributions to the galaxy velocity (Sec. IV), which are important to model observed galaxy statistics which are affected by redshift-space distortions.
We then use the general bias expansion to derive the complete contributions to the linear (Sec. II D) and 1-loop (Sec. III B) galaxy two-point functions. Three physical effects can be distinguished: the constant compensated mode δ bc , which effectively modulates the local baryon-CDM ratio; divergence and shear in the relative velocity θ bc , ∂ i v j bc , where both δ bc and θ bc enter at linear order; and the relative velocity itself, which enters as v 2 bc at lowest order (in the galaxy density; it does enter at linear order in the galaxy velocity). Using physical models of the bias parameters (Sec. II) for the δ bc and θ bc contributions, we estimate that the constant compensated mode δ bc is the most important baryon-CDM effect on galaxy clustering by a significant margin on large scales. The bias b bc v 2 is the most theoretically uncertain, and this contribution could be either larger or smaller than the velocity divergence effect which is estimated as b
The terms appearing at 1-loop order are generally even smaller than the linear order contributions. However, it is important to include all, if any, of the 1-loop contributions in order to have a consistent model. Sec. III B provides all the necessary expressions for this (although redshift-space distortions also need to be taken into account).
Of particular importance are the baryon acoustic oscillation (BAO) features imprinted on the baryon-CDM contributions, which are able to shift the BAO feature in the galaxy power spectrum, and thus systematically bias this standard ruler. Note that this applies in principle to all three contributions ∝ δ bc , θ bc , v 2 bc shown in Fourier space in Fig. 3 . This is illustrated in Fig. 5 , which shows these terms in real space. Clearly, all three contributions exhibit a prominent BAO feature that is shifted, to varying degrees, from that in the growing mode. Nevertheless, none of these contributions is expected to exceed the 1% level, so that current BAO constraints are very likely to be unbiased within error bars. Marginalizing over the leading additional bias parameters introduced here will remove any potential systematic bias introduced by primordial baryon-CDM perturbations in future, larger surveys. Beyond the BAO feature, the baryon-CDM perturbations also change the broad-band shape of the galaxy power spectrum, and change the anisotropy of the power spectrum in redshift space, as discussed in Sec. IV. Thus, taking these contributions into account is just as important for measurements of the growth rate f = d ln D/d ln a from galaxy redshift surveys.
For the practical analysis, physical estimates of the bias parameters such as those presented in Sec. II and Sec. IV will be highly useful. Clearly, there is significant room for refining these estimates through both semianalytical and fully numerical approaches. 
The source term G s is continuous, but not differentiable at R b = R c , where it reduces to G b = G c = δ m . This means that the response of the tophat evolution to θ bc around θ bc = 0 is ill-defined, since we attempt to take a derivative at precisely this point. For this reason, we perform a continuously differentiable cubic spline interpolation between the two branches in the interval 1 ≤ R b /R c ≤ 1.1 (we have verified that the upper end of the range has negligible impact on the results). This corresponds to slightly smoothing the tophat density profiles of the shells. Crucially, the interpolation matches the exact result at R b = R c , and so ensures that the evolution is correct at linear order. We now derive the initial conditions. At a in we wish to impose δ c (a in ) = δ c,dec ; δ b (a in )
where we use linear theory for the initial conditions, and δ c is assumed to be in the growing mode. Our default choice is f δ,dec = 0 (Sec. II B), but we allow for nonzero values here. Using that
we can then trade the three mode amplitudes A + , R + , R − for δ c,dec , f δ,dec , θ cb,0 via
Note that even for f δ,dec = 1 (R + = 0), δ b,dec = δ c,dec due to the second term in Eq. (B6). Neglecting this term would lead to a spurious constant contribution to δ b − δ c which is proportional to (θ bc /H) dec . Finally, note that θ s = 3H(H −1Ṙ s /R s − 1). We thus have y s (a in ) = −δ s (a in )/3. With these relations the initial conditions for the spherical collapse are completely specified in terms of δ c,dec , f δ,rec , θ cb,0 . Fig. 6 shows the resulting collapse threshold as a function of θ bc,0 /H 0 . The red filled triangles show the default case (f δ,dec = 0), while the dotted line shows the result for an Einstein-de Sitter universe. Specifically, we set Ω m → 1 while adjusting Ω b to keep f b at the same value as in the fiducial cosmology. Further, since the physically relevant quantity is (θ bc /H) dec , we plot the Einstein-de Sitter result as a function of √ Ω m θ bc,0 /H 0 , where Ω m = 0.27 is the fiducial value. We see that the effect of θ bc on δ crit is only very weakly dependent on cosmology. The green stars in Fig. 6 show the result obtained when forcing the same gravity to act on both shells, by setting R b = R c in the evaluation of G s in Eq. (B4). This shows that our results are insensitive to the details of the spline interpolation used in the evaluation of Eq. (B4). Finally, the blue open triangles in Fig. 6 show the result for setting f δ,dec = 1. In this case, both matter components have the same overdensity initially and only differ viaṘ b =Ṙ c (recall that both shells always have the same initial radius). In this case, θ bc = 0 corresponds approximately to a local minimum in δ crit . As argued in Sec. II B however, we expect f δ,dec = 0 to be the physically relevant case.
In the previous preprint version of this paper, we reported a slope ∂δ crit /∂(θ bc,0 /H 0 ) that is roughly one order of magnitude higher than the value given here. That result is incorrect and affected by three issues. First, the previous implementation of initial conditions included a spurious contribution to R + proportional to (θ bc /H) dec [see discussion after Eq. (B7)]. Second, different initial radii of the baryon and CDM shells were used, which results in an evolution that does not follow linear theory initially. Finally, the previous calculation used the nondifferentiable force term in Eq. (B4), i.e. without spline interpolation, which further increases the slope (the different initial radii shift the discontinuity in the derivative ∂δ crit /∂(θ bc,0 /H 0 ) away from θ bc,0 = 0).
